Thymus integrates numerous signals from the neuroendocrine-immune system, including sex steroids, glucocorticoids, and catecholamines. Neonatal surgical castration, commonly practiced in pig husbandry, modifies thymic hormonal environment, for example, sex steroids and probably glucocorticoids and catecholamines, which are important modulators of thymic function. This study aimed at investigating, in pubescent male pigs, the consequences of neonatal suppression of testicular hormones on thymic T cell differentiation and hormonal control of thymocyte proliferation. A total of 34 male pigs were allocated to 2 experimental groups: control (CT) intact males and males surgically castrated (SC) at 5 or 6 d of age. At slaughter, thymus was weighed and thymic samples were collected to determine fat content and distribution of thymocyte subsets by identification of CD1, CD4, CD8, and γδ T cell receptor (TCR) cell surface markers and to measure thymocyte proliferation in presence of cortisol, norepinephrine, and sex steroids. Results showed that absolute and relative thymus weights were greater (P < 0.01 and P < 0.01, respectively) whereas thymic fat content was less (P < 0.01) in CT than in SC pigs. Surgical castration did not change the frequency of CD1+ immature thymocytes. The proportion of γδ T cells tended to be greater in CT than in SC pigs (P < 0.1) but the proportions of CD4+, CD8+, and CD4+CD8+ thymocytes were similar in both groups (P > 0.1) indicating that the Tαβ lineage was not influenced by early castration. Proliferation of thymocytes in response to concanavalin A (ConA) was greater in SC than in CT pigs (P < 0.05). Cortisol and norepinephrine decreased the ConA-induced proliferation in CT and SC pigs (P < 0.05). In addition, proliferation of thymocytes was less inhibited by norepinephrine in SC than in CT males (P < 0.05). The greatest concentration of testosterone (25 ng/mL) increased (SC males, P < 0.05) or tended to increase (CT males, P < 0.1) the proliferative responsiveness to ConA but the lowest dose (2.5 ng/mL) and the greatest dose of testosterone combined with estradiol had no significant effect (P > 0.1). Overall, our data show little effect of neonatal castration on thymocyte differentiation as well as of sex hormones on thymocyte proliferation. However, thymic cells seem to be more sensitive to the inhibitory influence of norepinephrine in CT than in CS pigs. The significance of such difference for animal health remains to be explored.
the frequency of CD1+ immature thymocytes. The proportion of γδ T cells tended to be greater in CT than in SC pigs (P < 0.1) but the proportions of CD4+, CD8+, and CD4+CD8+ thymocytes were similar in both groups (P > 0.1) indicating that the Tαβ lineage was not influenced by early castration. Proliferation of thymocytes in response to concanavalin A (ConA) was greater in SC than in CT pigs (P < 0.05). Cortisol and norepinephrine decreased the ConA-induced proliferation in CT and SC pigs (P < 0.05). In addition, proliferation of thymocytes was less inhibited by norepinephrine in SC than in CT males (P < 0.05). The greatest concentration of testosterone (25 ng/mL) increased (SC males, P < 0.05) or tended to increase (CT males, P < 0.1) the proliferative responsiveness to ConA but the lowest dose (2.5 ng/mL) and the greatest dose of testosterone combined with estradiol had no significant effect (P > 0.1). Overall, our data show little effect of neonatal castration on thymocyte differentiation as well as of sex hormones on thymocyte proliferation. However, thymic cells seem to be more sensitive to the inhibitory influence of norepinephrine in CT than in CS pigs. The significance of such difference for animal health remains to be explored.
INTRoduCTIoN
Castration of male pigs is commonly performed to avoid boar taint but is criticized for welfare reasons. It is known that sex steroids influence immune function and resistance to infections in numerous species (GarciaGomez et al., 2013) , but the impact of castration on pig health has been poorly investigated. In pigs and rodents, castration during the neonatal period or adulthood (Windmill and Lee, 1998; Hirakata et al., 2010) increases thymic weight and cellularity in adult animals. However, commercial pigs are usually slaughtered around puberty, and data concerning the effects at pre-or pubertal age of neonatal androgen removal are extremely limited. We recently reported that pubescent male pigs that have been neonatally castrat-ed had lighter thymuses than intact males (Merlot et al., 2013) , suggesting that the influence of neonatal castration on thymus development may be different when observed in sexually immature and mature animals.
The differentiation of T lymphocytes in the thymus is under hormonal control. In adult rodents, androgens cause apoptosis of immature CD4+CD8+ cells (Guevara-Patino et al., 2000) , whereas neonatal castration increases the thymic proportions of CD4+CD8+ and CD4-CD8+ cells . Part of the effects of castration in male rodents is suspected to be mediated by alterations in the control of thymopoiesis by catecholamines (CA; Leposavić et al., 2007) and glucocorticoids (GC; Chen et al., 2010) . Indeed, both mediators influence thymocyte survival (Westly and Kelley, 1984; Anderson et al., 1996) .
The present experiment aimed at investigating if neonatal suppression of testicular hormones would reduce thymus development and alter thymopoiesis in growing pigs. The influence of sex hormones, GC, and CA on the proliferation of thymocytes was also investigated in vitro.
MATERIAL ANd METhodS
The experiment was conducted according to French guidelines for animal care and use (Comité national de réflexion éthique sur l'expérimentation animale, 2008) in the experimental unit of INRA (Saint Gilles, France) and the protocol was approved by the regional ethical committee of animal experimentation of Brittany (agreement R-2010-AP-01). People involved in the experiment were holders of an animal experiment agreement delivered by the veterinary services of the French Ministry of Agriculture.
Animals and Experimental Procedures
The experiment was performed on 34 pigs born from 15 Large White × Landrace sows inseminated with Pietrain semen and was run in 4 replicates. In each litter, one-half of the males were surgically castrated at 5 or 6 d of age following the standard procedure used in pig farming (Prunier et al., 2005) . Animals were weaned and housed in separate pens according to their gonadal status. Experimental animals were selected at 68 to 71 d of age to equilibrate mean BW and litters of origin among treatment groups. In each litter, only a part of the male offspring could be used, because some of them were used for other purposes. Five litters gave 1 pig, 5 litters gave 2 pigs (1 surgically castrated [SC] and 1 control [CT] per litter), 2 litters gave 3 pigs (1 SC and 2 CT per litter), 2 litters gave 4 pigs (2 SC and 2 CT per litter), and 1 litter gave 5 pigs (3 SC and 2 CT) for the present experiment. A total of 19 CT pigs (6, 3, 5, and 5 in replicates 1, 2, 3, and 4, respectively) and 15 SC pigs (3, 2, 5, and 5 in replicates 1, 2, 3, and 4, respectively) were used. They were transferred into the experimental unit, where they were housed in groups of 2 or 3 pigs of same gonadal status. Pigs received an ad libitum standard growth diet, which provided 9.63 MJ/kg of NE and 16.5% CP. The average daily feed intake over the whole period was 2.3 kg per pig. Water was given ad libitum. At 151 to 152 d of age, pigs were transferred to the slaughterhouse and euthanized on the day after by exsanguination after electronarcosis. Thymus lipid content and flow cytometry analyses were performed for all experimental animals (19 CT and 15 SC), whereas cell cultures were performed only with thymocytes from pigs of the 2 last replicates (10 CT and 10 SC pigs).
Thymus Collection and Measurement of Lipid Content
The whole thymus was collected and the surrounding fat and connective tissues were removed. Thymus was weighed and the right lobe was isolated. Onegram samples were stored on ice and immediately used for flow cytometry and cell culture. Ten grams were promptly frozen in liquid nitrogen until determination of the concentration of total lipids using a chloroform and methanol (2:1) extraction procedure (Folch et al., 1957) .
Flow Cytometry and Proliferation Assay
Isolation of Thymocytes. All products were purchased from Sigma-Aldrich (St. Louis, MO). Samples of thymus (about 1 g) were finely minced in PBS. Cell suspensions were filtered through a 200 μm metallic mesh, washed twice, and resuspended in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and 1% L-glutamine (RPMIc). A viability analyzer using the trypan-blue exclusion test (Vi-Cell XR; Beckman Coulter, Paris, France) was used to determine cell numbers and viability, which was always greater than 90%. Cells were adjusted at a concentration of 10 × 10 6 cells/mL RPMIc.
Flow Cytometry. The monoclonal antibodies used to detect cell surface markers were fluorescein isothiocyanate-conjugated anti-swine CD4 (IgG2b), R-phycoerythrin (R-PE) conjugated anti-swine CD8α (IgG2a), and R-PE-conjugated anti-swine CD1 (IgG2a) from SouthernBiotech (Birmingham, AL) and antiswine γδ T cell receptor (TCR; IgG1, PGBL22A; VMRD, Pullman, WA) associated to Alexa Fluor 633 conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA). Appropriate isotype control antibodies were used. The direct labeling (CD4, CD8, and CD1) was performed on 0.5 × 10 6 cells and the indirect labeling (γδ TCR) on 1 × 10 6 cells. Fluorescence-activated cell sorter analysis of thymocyte subsets was performed using a MacsQuant Analyzer (Miltenybiotec GmbH, Bergisch Gladbach, Germany) with the MACSQuantify software.
Proliferation Assays. The T-lymphocyte mitogen concanavalin A (ConA) and all hormones were purchased from Sigma-Aldrich (St. Louis, MO). One milligram of cortisol, testosterone, and estradiol were dissolved in 1 mL of ethanol and diluted with sterile RPMIc to obtain solutions containing the desired concentrations of hormone. Norepinephrine (500 mg) was dissolved and vigorously mixed in 10 mL of hydrochloric acid at 0.5 mol/mL, passed through a 0.2 μm filter, and diluted at a concentration of 10 -3 mol/mL.
Thymic samples from 10 SC and 10 CT pigs were used. Cells were cultured in medium only (basal) or in the presence of ConA (6.25 μg/mL), ConA and cortisol (50 ng/ mL), ConA and norepinephrine (6 ng/mL), or ConA and testosterone (25 and 2.5 ng/mL). Testosterone (25 ng/mL) was also tested in combination with estradiol (0.05 ng/mL) because mature intact pigs have the particularity to secrete relatively high concentrations of estradiol. For each thymus sample, each of the 7 culture conditions was run in triplicate (0.5 × 10 6 cells per well) in a final volume of 150 μL. After 48 h of incubation at 37°C and 5% of CO 2 , cells were pulsed with tritiated thymidine (1 μCi per well) for 24 h. Plates were stored at -20°C and then filtrated on filter glass paper (MultiScreen Filter Plates; Millipore, Molsheim, France). Radioactivity was counted in a microplate scintillation counter (TopCount from PerkinElmer, Courtaboeuf, France). Mitogenic responsiveness was expressed in counts per minute and thymocyte sensitivity to hormonal conditions was expressed as a percentage of ConA-induced proliferation in the presence of hormone relative to ConA alone. For each pig and culture condition, the mean of the 3 replicates was calculated and used for statistical analyses.
Statistical Analyses
Data were analyzed by ANOVA using the mixed procedure of SAS (version 8.1, 2000; SAS Inst. Inc., Cary, NC). For all variables, the main factors of analysis were the treatment (considered as a controlled effect) and the replicate (considered as a random effect) and the experimental unit was the pig. For in vitro experiments, statistical analyses were performed on the mean of the triplicates run for each culture condition. Normality of the data was tested on residuals with the Shapiro-Wilk test, and none of the variables required any transformation. In addition, the influence of hormone supplementation on the percentage of proliferation was analyzed using a paired t test. The threshold for significance was P < 0.05 and P < 0.1 for the tendency. Numeric data are presented as least square means ± SEM calculated by SAS for the lowest group size.
RESuLTS

Thymus Size, Lipid Content, and Thymocyte Subsets
Absolute and relative (ratio to BW) thymic weights were lower in SC than in CT males at slaughter (P < 0.01 and P < 0.01, respectively; Table 1 ). In addition, thymic lipid content was greater in SC than in CT pigs (P < 0.01). There was no significant difference between experimental groups in the frequencies of CD1+, CD4+CD8+, CD4+CD8-, and CD4-CD8+ cells (Table 1) but CT pigs tended to have a greater percentage of γδ TCR + thymocytes than SC males (P < 0.1).
Proliferation of Thymocytes
Thymocytes from SC males had a greater proliferation rate than those from CT males in response to ConA alone (P < 0.05; Fig. 1 ) but basal proliferation was not affected by the experimental treatment (P > 0.1). The ratio between ConA-induced and basal proliferation was not affected by treatment (P > 0.1; data not shown).
Cortisol and norepinephrine decreased proliferative responsiveness to ConA in CT (P < 0.001 and P < 0.001, respectively) and SC pigs (P < 0.001 and P < 0.05, respectively; Fig. 2 ). In addition, cells from SC males were less inhibited by norepinephrine than cells from CT pigs (P < 0.05). The highest concentration of testosterone increased (SC males, P < 0.05) or tended to increase (CT males, P < 0.1) the proliferative responsiveness to ConA but the lowest dose of testosterone and the combination of estradiol with the highest dose of testosterone had no significant effect (P > 0.1).
dISCuSSIoN
Influence of Neonatal Castration on Prepubertal Thymic Development
Neonatal castration has been reported to increase thymic weight in adult rodents . However, the difference between SC and CT animals develops only after puberty, when the elevated sex steroid concentrations in CT males initiate thymic involution (Shioya et al., 2000) . Our findings show that neonatal castration has different consequences before sexual maturity. Pubescent male pigs that have been neonatally castrated had approximately 21% smaller thymuses than CT males, which is in agreement with our previous observations (Merlot et al., 2013) . Before puberty, low concentrations of sex steroids, including both androgens and estrogens, circulate in the blood of intact male pigs (Allrich et al., 1982) . In rodents and primates, neonatal sex steroids have been shown to be needed for a normal postnatal thymic growth and function (Mann et al., 2000; Yellayi et al., 2000) . Similarly, castration of piglets at 5 to 6 d might have impaired their postnatal thymic development because it shortened their neonatal exposure to sex steroids.
In addition of being smaller, thymuses collected around puberty in SC pigs contained approximately 50% more fat than CT animals. After puberty, thymic atrophy is characterized by the infiltration of adipocytes in the perivascular areas of thymic tissue. This reduces the remnant functional areas capable of generating T cells and consequently the export of T cell to the periphery (Hince et al., 2008) . Therefore, although an exact count of total thymocytes was not realized in the present study, it can be assumed that an increased development of intrathymic adipose tissue associated to a concomitant decrease in the total thymic mass occurred at the expense of thymocyte producing areas. This could explain why SC pigs had fewer blood T cells than CT pigs at 5 mo of age (Leclercq C., A. Prunier, and E. Merlot, in press).
Influence of Neonatal Castration on Thymocyte Subsets
To determine whether castration had also consequences on the steps of thymopoiesis, thymocyte subsets were analyzed by flow cytometry. During thymopoiesis, the stages of thymocyte maturation are characterized by the expression of cell surface markers. They first acquire the α and β (αβ lineage) or γ and δ (γδ lineage) chains of the TCR complex (Sinkora et al., 2005a) . Proliferating immature T cells of both lineages are characterized by the presence of CD1 molecules (Pescovitz et al., 1990; Sinkora et al., 2005b) . The presence of CD4 and CD8 molecules characterizes the stages of maturity of the αβ cells, starting with a double negative phenotype, continuing by a double positive phenotype, and finishing by a singlepositive CD4+ or CD8+ phenotype. Any change in the Influence of sex steroids, cortisol, and norepinephrine (Norepi) on the proliferation of thymocytes from control (CT; n = 10) and surgically castrated (SC; n = 10) male pigs. Cortisol (50 ng/mL), norepinephrine (6 ng/mL), testosterone at low (T2.5; 2.5 ng/mL) or high concentration (T25; 25 ng/mL), and testosterone with estradiol (T25+E2; 25 ng of testosterone/mL + 0.05 ng of estradiol/mL) were tested in presence of concanavalin A (ConA; 6.25 μg/mL). The results are expressed as percentages of ConA-induced proliferation in the presence of hormone relatively to ConA alone. For each of the 20 thymus samples, each of the 6 culture conditions was run in triplicate. Data presented are least square mean estimates ± SEM. *, ***A hormonal effect at P < 0.05 and P < 0.001, respectively. a A treatment group effect at P < 0.05. relative percentages of these thymocyte subpopulations indicates alterations in the process of thymocyte selection and maturation in the thymus. In the present study, the proportions of CD4+CD8+ and single positive CD4+ and CD8+ thymocytes were not modified, indicating that the process of maturation of αβ T cells was unlikely altered. Thymuses of SC pigs displayed only a tendency for fewer γδ T cells. These results cannot be compared to any others from the literature because, to our knowledge, the consequences of neonatal surgical castration on the thymopoietic activity have been explored only in adult rodents . Our results are in agreement with previous data from our laboratory showing unaltered percentages in αβ subsets of T cells but a decreased percentage of γδ T cells in peripheral blood of 5-mo-old SC pigs (Leclercq C., A. Prunier, and E. Merlot, in press).
Influence of Neonatal Castration on Thymocyte Proliferation
To determine whether the differences in thymic size between SC and CT pigs were associated to differences in thymocyte proliferation, the ability of thymocytes to proliferate was investigated in vitro. The results demonstrated that the spontaneous proliferation was similar whereas the proliferation in response to ConA, which is a mitogenic lectin that induces the proliferation of the most mature single CD4+ or CD8+ thymocytes (Lovatt et al., 2000) , was greater in thymocytes from SC than CT pigs.
Because thymocytes are exposed to a local tight neuroendocrine control in vivo, we further investigated the ability of thymocytes to proliferate in the presence of sex steroids, cortisol, and norepinephrine. In adult animals, these 3 mediators mediate the effect of castration on thymic function. Androgens and CA have been shown, at least in rodents, to inhibit proliferation or induce apoptosis of thymocytes in adult animals in vivo (Schwarz et al., 2005; Chen et al., 2010) and in vitro (Westly and Kelley, 1984; Olsen et al., 1998) . Furthermore, testosterone treatment of adults rats reverses the effect of castration on thymus weight and thymocyte numbers (Chen et al., 2010) , and this effect seems dependent on GC action. Indeed, testosterone would stimulate the release of GC by thymocytes, which in turn would suppress proliferation and increase apoptose in thymic cortex and medulla (Chen et al., 2010) . Catecholamines have less clear effects on thymocyte survival (Anderson et al., 1996) . In vivo, sympathectomy or treatment with an antagonist of the β-adrenoreceptor lead to opposite results on thymic weight and cellularity and on the frequency of immature cortical CD4+CD8+ cells (Kendall and Alshawaf, 1991; Leposavić et al., 2007) . Interestingly, early postnatal castration of male rats lowers the noradrenaline concentration in the thymus of adult rats, suggesting that neonatal castration might alter the catecholamine control of thymopoiesis (Leposavić et al., 2007) . However, the influence of these hormones on thymocytes of sexually immature animals has not been investigated.
Our results were close to the results observed by others in adult animals. In vitro, testosterone alone or in combination with estradiol had a minor effect on thymocyte proliferation. The lack of inhibitory effect of testosterone is coherent with the fact that CT pigs have not smaller thymuses than SC pigs. However, it has been demonstrated that the presence of both thymocytes and thymic epithelial cells was required in the culture to observe a negative influence of androgens on thymocytes (Olsen et al., 2001 ). In our experiment, epithelial cells were probably lost during the process of preparation of cell suspensions. Therefore, it cannot be excluded that the present lack of effect of testosterone was due to the absence of epithelial cells in the cultures. We also found that cortisol and norepinephrine had marked suppressive actions, as described in the literature for porcine and rodent thymic cells (Westly and Kelley, 1984; Anderson et al., 1996) . Furthermore, the inhibitory influence of norepinephrine on thymocytes was decreased in SC pigs compared to CT pigs. If, as shown in rodents (Leposavić et al., 2007) , neonatal castration decreases thymic concentration of norepinephrine in pigs also, the thymus of SC males should be less exposed to the inhibitory influence of the sympathetic axis. This cannot explain the lower thymus development in SC pigs.
Finally, the similar proportions of CD1+ cells in SC and CT thymuses suggests that the more immature thymocytes also had similar rates of proliferation in vivo. Therefore, the differences in thymic size between SC and CT pigs could be either due to differences in cellular proliferation occurring during the neonatal period or infancy, but already normalized at puberty, or from a mechanism independent of thymocyte proliferation. For example, as it has been suggested for thymic regression in adulthood (Dudakov et al., 2010) , the lower thymic size of SC pigs might result from a lower input of precursors coming from the bone marrow. This hypothesis of a decreased hemopoietic production of total lymphoid cells in the bone marrow is supported by the observation that the total pool of blood lymphoid cells is decreased in SC in comparison to CT pigs (Merlot et al., 2013) .
Possible Immune and Health Outcomes
Whether the thymic alterations reported in this study can have functional immune and health consequences is not known. Having a 20% smaller and 50% fatter thymus probably decreased the export of T cells in the periphery of SC pigs. Especially, the circulating numbers of γδ T cells could have been particularly lowered because SC pigs also tended to have a lower proportion of γδ TCR + thymocytes (approximately -20%). Although this effect was above the 5% statistical threshold of significance, we believe that it must be discussed because it is in agreement with our previous findings. Indeed, these results are in agreement with what was observed in the blood of 4-and 5-mo-old SC pigs, where total lymphoid cell numbers were decreased by more than 15% and, among them, the proportion of blood γδ T cells was decreased by 12 to 15% (Leclercq C., A. Prunier, and E. Merlot, in press). We can thus estimate that the number of γδ T cells was decreased by approximately 25% in the blood of SC compared to CT pigs. Contrarily to humans and mice, γδ T lymphocytes represent an important proportion of lymphocytes (30-60%) in pigs, which suggests an important role for these cells (Talker et al., 2013) . For example, there is a growing body of evidence showing that porcine γδ T cells are involved in immune responses to mycobacteria (Lee et al., 2004) and may have important roles in T cell regulation (Wen et al., 2012) and antigen presentation (Takamatsu et al., 2002) . Therefore, decreased numbers of T cells in SC pigs, and particularly of γδ T lymphocytes, might increase the susceptibility of SC pigs to infections. Unfortunately, very few studies compared the global health status or resistance to diseases in SC and CT pigs. Castrated male pigs were once reported to have a higher incidence of pneumonia, chronic pleurisy, and chronic pericarditis at slaughter than intact male pigs (de Kruijf and Welling, 1988) . We also reported that 5-mo-old SC male pigs had greater concentrations of haptoglobin, a marker of inflammation, as well as a greater severity of pneumonia at slaughter age than control pigs (Merlot et al., 2013) . These 2 studies suggested that SC male pigs might be more susceptible to diseases than intact pigs.
Conclusion
Our data showed that neonatal castration influences the thymic development in pubescent male pigs. It decreased thymic weight and increased thymic lipid content but had little influence on the proportions of the various thymocytes. The positive effect of testicular hormones on thymus development in CT pigs was unlikely related to a direct influence of these hormones or an indirect influence via CA and GC on the thymocyte rate of proliferation. However, our data suggest some differences in the neuroendocrine control of thymocytes due to testicular hormones, because the clear suppressive effect of norepinephrine was blunted in SC pigs. The significance of such differences for animal health remains to be explored.
